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Objective: The objective of this study was to assess the biomechanical stability of three types of chondral
ﬂap repair techniques as well as a hydrogel scaffold implantation on the acetabular articular surface
using a physiological human cadaveric model.
Methods: Chondral ﬂaps were created in the antero-superior zone of the acetabulum in a series of hu-
man cadaveric hip joints. The chondral ﬂap was repaired by ﬁbrin glue, cyanoacrylate, suture technique
and an agarose hydrogel scaffold sealed with ﬁbrin glue using six hips in each case. After each repair, the
specimens were mounted in a validated jig and tested for 1500 gait cycles. In order to determine the
stability of the repair, specimens were evaluated arthroscopically at speciﬁc intervals.
Results: The ﬁbrin glue and cyanoacrylate techniques were technically the easiest to perform arthro-
scopically, all ﬂaps repaired with ﬁbrin were detached at 50 cycles while those repaired with cyanoac-
rylate lasted for an average of 635 cycles. On the other hand, both the suture repair and scaffold
implantation techniques were more technically challenging but were both stable till the endpoint of
1500 cycles.
Conclusion: Fibrin glue on its own does not provide sufﬁcient ﬁxation to repair chondral ﬂaps on the
acetabular surface. Cyanoacrylate repairs universally failed midway through the testing protocol
employed here, raising doubts as to the effectiveness of that technique. The suture and hydrogel scaffold
technique were the most reliable for chondral repair at any given cycle. The results of this biomechanical
study demonstrate the relative effectiveness of chondral repair and ﬁxation techniques.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Focal chondral injuries are often a result of sports injuries or
trauma, and are a common cause of joint pain and disability1. Due
to its avascular nature, articular cartilage has very limited capacity
for repair2. Injuries of the articular cartilage that do not penetrate
the subchondral bone (partial thickness) do not heal and usually
progress to the degeneration of the articular surface2. Since the
knee is the most commonly affected joint3, accounting for.J. Cassar-Gheiti, Department
rsity Hospital, Eccles Street,
ar-Gheiti), dbyrne24@tcd.ie
JM@indigo.ie (K.J. Mulhall).
ternational. Published by Elsevier Lapproximately 75% of all chondral lesions4; a lot of empirical work
has focused on cartilage repair in the knee. In fact, cartilage repair
techniques are one of the most cited topics in arthroscopic ortho-
paedic surgery and second most cited topic in orthopaedics5.
Cartilage lesions are common in the hip joint due to either trau-
matic or atraumatic pathologies6. A direct association between
acetabular labral injuries and chondral lesions of the femoral head
and acetabulum has been reported by various authors7,8.
There is growing interest in arthroscopic treatment of chondral
lesion in the hip joint, since they are a frequent cause of pain and
functional limitation. With increased availability of hip arthroscopy
over the past years9, repair techniques commonly applied to the
knee are being transferred to the hip joint10e13. The most common
treatment of chondral lesion in the hip joint is arthroscopic
debridement and microfractures14. Recently new techniques oftd. All rights reserved.
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repair with suture anchors13 or ﬁbrin glue12,15; while chondral
defects are being repaired with scaffolds10 or collagen mem-
branes16. These techniques are based on previous studies carried
out in the knee17e19. In addition these techniques of chondral repair
may reduce the progression of chondral lesion into end stage
osteoarthritis.
Currently the three main techniques used for chondral repair in
the hip joint are ﬁbrin glue15, suture anchors13, and a scaffold
implant such as autologous chondrocyte transplantation (ACT)10.
Mechanical properties of scaffolds are usually evaluated by doing
compression tests to characterise elasticity, durability and stability
under load20. Various authors have carried biomechanical studies
to assess the stability of implanted scaffolds in cadaveric knees
using continuous passive motion (CPM)19,21. While tissue engi-
neered constructs are attaining popularity in treating defects in the
knee, to our knowledge, these scaffolds have not been biome-
chanically tested in a physiological cadaveric hip model.
The objective of this study is to compare the biomechanical
stability of three different chondral ﬂap repairs and scaffold im-
plantation on the acetabular articular surface of the hip joint using
a physiological cadaveric model.Materials & methods
Specimen preparation
The present study was carried out on six fresh frozen human
cadavers. The specimens were handled under the recommenda-
tions and guidelines of the Human Tissue Act (2008). Ethical
approval of the study was granted by the Mater Misericordiae
University Hospital Research Ethics and University College Dublin
Human Research Ethics Committee e Sciences. The hips were
initially screened radiographically and arthroscopically for gross
arthritis, dysplasia and femoro-acetabular impingement. None of
the specimens showed any of the above conditions. Therewere two
male and two female donors, whose ages ranged from 40 to 49
years with an average of 45 years. The donors had an average
weight of 53 kg (40e65.8 kg) and an average height of 172 cm
(150e180 cm). The specimens were stored at 40C (40F) and
thawed at room temperature for preparation of the lesion, repair
and testing. All specimens were dissected of skin and muscles,
leaving an intact hip joint. Testing was carried out in speciﬁc
sequence starting with the ﬁbrin glue repair ﬁrst followed by the
cyanoacrylate repair, suture repair and leaving the scaffold repair
technique as the ﬁnal test. All specimens were carefully examined
arthroscopically after every experiment to ensure that the chondral
ﬂap was viable for further experimentation.Chondral defect preparation
An anterior arthrotomy to accesses the hip joint was used to
create chondral lesion, repair and allowed observation during
testing. The hip specimen was put under traction and the articular
surface was examined arthroscopically to conﬁrm the absence of
arthritis greater than a grade 2 Outerbridge score22. The labrum
was screened for any defects which may affect the natural hip seal
and ultimately the stability of the repair. Initially a 1 cm2 chondral
ﬂap was created in geographical zone 223, classiﬁed as a grade 4 in
the modiﬁed Outerbridge by McCarthy et al.24. The location of the
chondral lesion was chosen following retrospective data from our
institution and previous studies which showed that cartilage le-
sions during hip arthroscopy are mostly identiﬁed in geographical
zone 2, which is the antero-superior region of the acetabulum25.Chondral ﬂap repair
The chondral ﬂap created was repaired using three different
techniques, ﬁbrin glue, suture anchor and cyanoacrylate.
a. Tisseel™ (Baxter AG) was used for the ﬁbrin glue technique.
Fibrin glue was prepared using Fibrinotherm™ (Baxter AG)
heating system and mixing device as per manufacturer's in-
structions. The ﬁbrin glue was then applied behind the chondral
ﬂap and the cartilage ﬂap was compressed for 10 min until the
ﬁbrin clot has set. The joint was cleared from any excess ﬁbrin
glue and the cadaveric model was then transferred to the
biomechanical lab for testing.
b. In the suture anchor technique, the chondral ﬂap was repair
using 2.9 Osteoraptor™ (Smith & Nephew Ltd) anchor loaded
with 2e3 PDS™ II(Ethicon Inc.) size 2/0. Osteoraptor™ anchors
are bio-absorbable anchors incorporating hydroxyapatite, while
PDS™ II is a monoﬁlament synthetic absorbable suture. PDS II is
able to support tissue up to 6 weeks26 at which time its strength
is reduced by 40%. The anchor was positioned in the perilabral
sulcus above the chondral ﬂap. The suture was passed from the
perilabral sulcus into the pocket behind the chondral ﬂap
through the medial part of the labrum at its attachment to the
acetabular rim (a technique preferred by the senior author KJM)
rather than over the labrum, to maintain the sealing effect of the
labrum as much as possible. The suture was then passed
through the chondral ﬂap and back into the post-chondral
space, through the labrum to end up in the perilabral sulcus.
The method was repeated for the remaining sutures. The
chondral ﬂap was then stabilised with a series of knots in the
perilabral sulcus. Stability was checked by probing the chondral
ﬂap after which the specimen was transferred to the biome-
chanical lab for testing.
c. N-butyl-2-cyanoacrylate (Glubran® 2, GEM S.r.l) was used in the
cyanoacrylate (superglue) technique. Glubran® 2, GEM S.r.l is
the only cyanoacrylate currently approved for internal use in the
European Union27,28. The post-chondral space created was
initially dried and 0.2 ml of cyanoacrylate was injected using a
syringe. Polymerization of N-Butyle-2-cyanoacrylate is com-
plete at 3 s and pressure on the chondral ﬂapwas applied for 5 s.
After 10 min the joint was washed to remove any excess glue
and the ﬂap was probed to assess stability. The model was then
transferred to the biomechanical lab for testing.
d. The chondral ﬂap was completely debrided and a 1 cm2 chon-
dral defect was created. A 4% agarose hydrogel (type VII, Sig-
maeAldrich) was fashioned to match the shape of the defect as
much as possible. The shape matched hydrogel was implanted
in the defect and the scaffold chondral interface was sealed with
ﬁbrin glue (Tisseel™ Baxter AG). The scaffold was allowed to set
for 10min after which the joint was irrigatedwith saline and the
cadaveric model was transferred to the biomechanical lab for
testing.Mechanical loading
The mechanical tests were carried out in the biomechanical lab.
An Instron® multi axial 8870 series fatigue testing system with a
10 kN cell was used combined with a single axis hydraulic powered
second armwith a 1 kN cell in a customised conﬁguration (Fig. 1). A
custom made clamp was used to hold the hemi-pelvis in the Ins-
tron®. The hemi-pelvis was positioned in a lateral decubitus posi-
tionwhile the Instron®was used to simulate the threemain vectors
(X, Y, Z) acting on the hip joint in order to simulate a walking cycle
in the cadaveric model.
Fig. 1. A: Test Setup; A e Instron 8874, B e Normal Saline for lubrication, C e Axis 1 (Y) and Axis 2 (FY), D e Axis 3 (Z), E e customised low friction slider for the femoral shaft and F
e customized holder for the hemi-pelvis. B: Simpliﬁed schematic representation of the Test Setup: A e Instron 8874, B e Axis 1 (Y) and Axis 2 (FY), C e Axis 3 (Z), D e customised
low friction slider for the femoral shaft, E e Cadaveric hemi-pelvis and F e Customised holder for the hemi-pelvis.
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The resultant force acting on the hip joint during the gait cycle
published in various studies was adopted to develop the walking
cycle on the Instron® system29e31. The walking cycle was carried
out at 25% of the speciﬁc cadaveric body weight, representing 25%
weight bearing used during the ﬁrst 6e8 weeks rehabilitation after
cartilage repair as reported by most studies10e12 (Table I). The
variation in resultant force transmitted could be simulated at
maximum of 10 s per cycle which is 8.3 times slower than a normal
gait cycle (Fig. 2). Maximum end point of testing was taken at 1500
gait cycles, which is equivalent to 3000 steps, which is half of the
daily steps taken by a healthy individual32e34. Continuous motion
was interrupted at regular intervals to evaluate the integrity of the
chondral repair with a customised arthroscopic high deﬁnition
camera. The joint was lubricatedwith Ringer's solution running at a
rate of 1 ml per minute.
Statistical analysis
All statistical analyses were performed using SPSS ver.20. The
overall survival of the cartilage repair technique was calculated
using the KaplaneMeier method. The log-rank test was used to test
differences in the cause-speciﬁc survival between the four differentTable I
Values in Newton for the Cartesian forces at 25% weight bearing and rotation at the hip
Conﬁguration Force/25% body weight
Fx Fy Fz
Heel strike 73.99 70.70 450.52
Flat foot (other leg toe off) 0 126.61 317.34
Flat foot (other leg mid-swing) 0 85.50 251.57
Heel off 126.60 185.80 647.83
Toe off 29.59 0 100.30
Mid swing 14.80 0 34.53repair techniques, as well as the individual specimens. A P-value of
less than 0.05 was considered statistically signiﬁcant.
Results
Arthroscopic evaluation of the chondral repair was under taken
after 1,10, 25, 50,100, 250, 300, 400, 600,1000 and 1500 cycles. The
repair was evaluated for detachment, suture cut through and
instability.
Chondral ﬂaps repaired with ﬁbrin glue failed early during the
loading protocol, with ﬂap detachment occurring after 25 cycles in
four specimens with an average of 27 cycles to failure (range 10e50
cycles) (Fig. 3). The cyanoacrylate chondral repair failed after an
average of 635 cycles (range 10e1000) with three specimens failing
after 600 cycles and two specimens after 1000 cycles (Fig. 4).
Chondral ﬂaps repaired with the suture technique remained stable
till the end point of 1500 cycles (Fig. 5). Suture cut through the
chondral ﬂap was observed in three out of six specimens but this
had minimal effect on the overall stability of the repair (Fig. 6).
Chondral defects repair with the scaffold technique were found
to be stable till the end point of the study in all specimens with no
sign of detachment, slipping, mobilisation or loss into the joint
(Fig. 7). Fibrin glue (used as sealant) desloughing was noted in all
specimens but this did not affect the overall stability of the scaffold.joint for specimen 3
Resultant Rotations of femur () Rotations of pelvis ()
qx qy qz qx qy qz
462.00 1 34 4 0 0 5
341.66 0 15 8 2 0 7
265.70 0 0 0 0 0 0
685.74 3 12 5 2 2 5
104.57 7 5 13 1.5 2 5
37.57 0 32 12 2 0 1
Fig. 2. Graphical representation of the load applied (Z) during the gait cycle for
specimen 3 over 10 s. Negative value for the load is dependent on the direction of
movement of the third arm.
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survival function of the cartilage repair techniques. As seen in Fig. 8,
the suture anchors and scaffold techniques were identical and
survived until the end point of the experiment, i.e., 1500 cycles.
These techniques were vastly superior to either of the gluing op-
tions. In this study, the statistical analysis revealed that there was a
statistically signiﬁcant difference between the ﬁbrin glue and
cyanoacrylate repair techniques, where the P-value was less than
0.001. In addition the survival analysis also showed that there were
no statistically signiﬁcant differences due to the specimens used in
the analysis.Discussion
The ability to repair acute chondral injuries is an attractive
possibility in the battle against early osteoarthritis. Animal models,
which arewell accepted in cartilage research35, are inappropriate to
study ﬁxation techniques due to differences in human and animal
hip joint anatomy and biomechanics. The closest approximation to
the natural environment is offered by the human cadaveric hip,
which could be used to simulate the gait cycle in the post-operative
rehabilitation period10,12. Previous studies testing cartilage repair in
a cadaveric model have used simple sinus cyclic loading in both the
knee and hip joint19,21,36. Fontana et al. have recently reported on
the stability of polydioxanone scaffolds in a cadaveric hip joint
using continues passive motion performed by a manual operator36.
Our study is the ﬁrst study to compare four different cartilage repair
techniques in a human cadaveric hip joint under physiologicalFig. 3. Arthroscopic evaluation of the ﬁbrin glue repair; A e slight peripheral elevation of
complete chondral detachment after 25 cycles.loading. A complete gait cycle at 25% weight bearing was used to
simulate the initial phase of rehabilitation after cartilage repair
techniques and while other studies have used an end point of
maximum of 300 cycles19,21, in this study an endpoint of 1500 gait
cycles was used, which is equivalent to half a day of walking in the
average healthy individual32e34.
Different authors have conﬁrmed positive results with three
cartilage repair techniques in the hip joint either by direct chondral
repair13,15 or scaffold based10. The fourth technique (cyanoacrylate
repair) is not currently reported in literature, although cyanoacry-
late has been used extensively in other ﬁelds of surgery27,37,38. The
repair of a cartilage ﬂap using ﬁbrin glue is ideal, since it is fast,
relatively inexpensive and can be carried out arthroscopically12,15.
All these beneﬁts were conﬁrmed in the human cadaveric model
but the stability of the ﬂap repair with ﬁbrin glue was less than
satisfactory, with an average repair failure after 27 cycles. In vivo,
however, the ﬁbrin glue technique is combined with a micro-
fractures which potentiates the effect of the ﬁbrin glue with ad-
hesions forming at the site of the haematoma12,15. Strict
rehabilitation protocols with prolonged periods of immobilization
are used and appear to be fundamental in achieving satisfactory
results12,15. This would correlate with the reduced stability identi-
ﬁed in this study. Even though ﬁbrin glue is able to withstand
unidirectional forces applied on visceral organs such as bowel39
and liver40 up to 120 N41, it may be inadequate to use in chondral
repair, especially in the hip joint where multidirectional forces are
transmitted from the femoral cartilage to the acetabular cartilage in
the range 1000e2000 N29,30. Orthopaedic research with cyanoac-
rylates is limited to skin closure, tendon and meniscal repair42e44.
The safety of Glubran 2™ for internal use has been extensively
reported in gastrointestinal surgery27,38, so far however, there are
no reports in the literature describing its use for chondral repair. N-
butyl-2-cyanoacrylate is a liquid compound that polymerizes
rapidly in the presence of hydroxyl ions. It has been reported that
butyl and isobutyl cyanoacrylates are non-carcinogenic in living
organisms unlike ethyl and methyl cyanoacrylate compounds45. N-
butyl-2-cyanoacrylate have been approved for internal use
including endoscopic treatment of bleeding ulcers46, occlusion of
biliary47, ﬁxation of polypropylene mesh in open27 and laparo-
scopic hernia repair28. A biomechanical study on the use of
cyanoacrylate for meniscal repair reported decrease failure rates
when compared to vertical suture repair42 but no in vivo study is
yet available. Cyanoacrylate repair was included in this study due to
its quick application, biocompatibility and high adhesive strength
when compared to ﬁbrin glue48. The cyanoacrylate chondral repair
was the easiest out the four techniques used due to ease of appli-
cation and fast drying of the glue. Chondral repair integrity using
cyanoacrylate was better than ﬁbrin glue repair but none of the
repairs were stable enough to reach the end point of 1500 cyclesthe chondral ﬂap after 1 cycle, B e increased peripheral elevation after 10 cycles, C e
Fig. 4. Arthroscopic evaluation during load testing the cyanoacrylate repair. A e Repair completely stable after 25 cycles, B e break in peripheral seal after 100 cycles, C e increased
detachment of repair after 250 cycles, D e increased elevation of the chondral ﬂap after 400 cycles, E e partial detachment of the chondral ﬂap after 600 cycles and F e complete
detachment of the chondral ﬂap after 1000 cycles.
Fig. 5. Arthroscopic evaluation during loading the suture repair.
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was at 635 cycles, with a maximum of 1000 cycles in two speci-
mens. Kull et al. have compared the adhesive properties of ﬁbrin
glue (Tissucol/Tisseel) and N-butyl-2-cyanoacrylate (Glubran 2),
and reported higher resistance to the load applied for cyanoacrylate
when used for skin closure48. Stronger adhesive properties of cy-
anoacrylates when compared to ﬁbrin glue, would account for the
increased chondral ﬂap repair stability demonstrated in this study
when cyanoacrylate was used.
Suture anchors are commonly used in orthopaedic surgery in
both shoulder and hip joint49,50. These anchors offer advantages
over traditional suture ﬁxation techniques51. The mean ultimateload failures for hip anchors ﬁxed in the acetabular rim of cadaveric
model in one study ranged from154 N to 255 N52. Suture anchors in
the hip are mostly used for labral tear repair with only one study
reporting their use for cartilage repair13,50. Although the suture
anchor technique is a more demanding technique than both ﬁbrin
and cyanoacrylate repair, it resulted in the most stable chondral
ﬂap repair. All six-chondral ﬂap repairs remained stable until the
end point of 1500 cycles with only two specimens showing reduced
chondral ﬂap integrity due to suture cut through. Further animal or
in vivo studies are required to assess if the anchor or the sutures are
able to irritate the hip joint until they are hydrolysed by the body.
Passing sutures through the base of the labrum, rather than over
Fig. 6. Figure showing suture cut through cartilage ﬂap after 50 cycles. Tip of probe
demonstrating region of cut through.
Fig. 8. KaplaneMeier analysis for the cartilage repair techniques.
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producing a negative suction pressure and a ﬂuid seal in the hip
joint to further stabilize the chondral ﬂap and reduce the frictional
forces when a suture anchor technique is used for the repair53.
Suture cut through (Fig. 6) was the main problem with this tech-
nique and this was observed mainly when too much tension was
applied to the chondral ﬂap.
Scaffold repair of chondral defects with ACT was initially used
for chondral defects in the knee joint19,54. Recently Fontana et al.,
have reported improvement in pain and walking scores in patients
who underwent arthroscopic scaffold repair of chondral defects
compared to patients who underwent isolated chondral debride-
ment10. Scaffold repair is again a demanding technique when
compared to ﬁbrin and cyanoacrylate chondral repair. Tissue
engineered implants can either consist of a one-stage or two stage
procedure depending onwhether chondrocytes are harvested from
a non-weight bearing area before being combined with the scaffold
prior to implantation. A one stage procedure is often combined
with microfracture and does not require harvesting chondrocytes.
Instead this technique relies on the migration and proliferation of
MSC cells from the subchondral bone into the scaffold. This is
known as autologous matrix-induced chondrogenesis (AMIC) and
some authors have reported promising results16,55. The scaffold
repair technique for chondral defects was found to be the most
stable repair at any cycle, and all six specimens demonstrated full
integrity until the end point of 1500 cycles. The agarose hydrogel
scaffold was chosen due to its intrinsic rigidity with a tendency toFig. 7. Arthroscopic evaluation during lorecoil in its original formwhen bent. It is possible that several other
scaffolds have similar properties and therefore can be used for
chondral repair. Scaffold repair of chondral defects in the acetab-
ulum has features of intrinsic stability; the femoral head, together
with the negative intra-articular pressure, represents an effective
biological mechanism for stabilising the scaffold on the acetabular
cavity. Fontana et al. reported 67% polydioxanone scaffold stability
in their manually controlled cadaveric model36, while this study
demonstrates 100% stability of hydrogel scaffolds implanted in
chondral defects of approximately 1 cm2 in the acetabular articular
surface. The stability of the scaffold in the concave acetabular sur-
face is greater than that on the convex surface of the femoral head.
The pressure of the femoral head against the acetabulum and the
sharp margins of the chondral lesion obtained by accurate
debridement, tend to contribute to the increased stability of the
scaffold10. Furthermore, during the study it was observed that the
hydrogel scaffolds tend to compress below the level of the sur-
rounding cartilage when load is applied, this tends protect the
scaffold from shear forces produced during hip movements. The
natural environment of the hip is complex and difﬁcult to simulate,
therefore, in order to assess post-operative rehabilitation in carti-
lage repair the most viable option is to use human cadaveric hips in
combination with mechanical loading. The use of cadaveric hips in
this study could be perceived as a possible limitation in that
cadaveric tissue obviously does not have the ability to heal and thus
we cannot know the long term outcomes of repair techniquesading the agarose hydrogel scaffold.
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have human cadaveric biomechanical data, as provided here,
relating to the behaviour of the acute repairs under physiologic
loads to inform appropriate subsequent in vivo techniques and
studies. Re-using the cadaveric specimens for the four different
tests may have resulted in degradation of the chondral ﬂap,
although from our results this was not the case. All tests were
carried out sequentially, with the ﬁbrin chondral repair as the ﬁrst
experiment in each cadaveric specimen. Furthermore, meticulous
arthroscopic examinationwas carried out after every test to ensure
viability of the chondral ﬂaps in each test.
In conclusion, this study demonstrates that in a physiological
cadaveric model, suture repair is the most stable technique to use
for chondral ﬂap repair, while a scaffold repair demonstrated high
stability when presented with a chondral defect. Randomized
controlled clinical trials are required to ascertain the best approach
to chondral ﬂap and chondral defect repair in the hip joint.
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